Background-Systolic strain rate (SR) has been shown to correlate with the transmural extent of myocardial infarction (MI). Ischemic postconditioning (PC) decreases MI size. We aimed to determine whether SR may predict the reduction of left ventricular (LV) remodeling induced by PC in a murine model of ischemia-reperfusion. Methods and Results-C57BL6 mice underwent 60 minutes of left coronary artery occlusion followed by reperfusion. PC consisted of 3 cycles of 1 minute of reperfusion and 1 minute of ischemia performed immediately after reperfusion. After 24 hours of reperfusion, a first subset of mice was euthanized for determination of infarct size. An additional subset of mice underwent 3 months of reperfusion. Echocardiography and SR were serially assessed at baseline, 3 days, and 1, 2, 3 months after reperfusion. PC decreased the infarct size and increased SR values within infarcted segments as soon as 24 hours after reperfusion as compared with controls (14Ϯ1 versus 6Ϯ1 s
L
arge myocardial infarction (MI) results in an acute impairment of left ventricular (LV) function and in a progressive and chronic LV remodeling characterized by changes in LV geometry, function, and histology. LV remodeling is associated with an increased risk of heart failure and death in patients with significantly larger LV volumes and lower LV ejection fraction (EF). 1 
Clinical Perspective on p 557
The importance of the infarct size as a determinant of LV remodeling was early identified 2 and further confirmed by recent studies using cardiac MRI and demonstrating that scar size is the strongest independent predictor of long-term LV remodeling in patients with healed MI, independent of scar localization. 3 Recently, ischemic postconditioning (PC), defined as a series of repetitive cycles of brief ischemia and reperfusion initiated immediately after reperfusion of prolonged ischemia, has shown a cardioprotective effect by reducing MI size related to lethal reperfusion injury in various animal models. 4 -6 Our group has recently demonstrated that systolic strain rate (SR) was significantly correlated with MI size in a murine model of MI. 7 However, no previous study has specifically addressed whether SR may predict the extent of LV remodeling after MI and assess the beneficial long-term effect of PC.
In the present study, we specifically sought to determine whether SR may predict the reduction of LV remodeling induced by PC in a murine model of ischemia-reperfusion.
Methods
This study is conformed to the Guide for the Care and Use of Laboratory Animals and was approved by our Institutional Animal Care and Use Committee.
Surgical Preparation
Mice (C57BL/6 wild-type males; 2 months old; weight, 25Ϯ1 g) were anesthetized by 0.3 mL/10 g body wt of a 1:1 mixture of fentanyl citrate (0.011 mg/mL) and midazolam (0.4 mg/mL), intraperitoneally, as previously described. 7, 8 The animals were orally intubated with a 22-gauge vinyl catheter and ventilated via a rodent ventilator (model 687, Harvard Apparatus) with a tidal volume of 0.2 mL and a breath rate of 160 breaths/min. The heart was exposed after a left thoracotomy, and a left coronary artery occlusion was performed by tightening an 8 -0 polypropylene silk suture mounted on a tapered needle ϳ2 mm distal to the border of the left atrial appendage, around a 1-mm piece of PE-10 tubing, forming a loose snare around the left coronary artery. To release the ligature, the silk snare was loosened, and reperfusion was confirmed by visual inspection and reduction of the ST-segment shift on the ECG. The suture material was left in place to allow subsequent documentation of precisely the same risk territory. ECG was recorded throughout the surgical preparation. Body temperature was monitored by a rectal thermometer and maintained at 36°to 37°C with a heating pad. After surgery, mice were allowed to recover from anesthesia, and the endotracheal tube was removed once spontaneous breathing resumed.
Experimental Protocol
All animals underwent 60 minutes of coronary artery occlusion followed by reperfusion. Ischemic PC consisted of 3 cycles of one minute of reperfusion and 1 minute of ischemia performed within 1 minute after reperfusion.
Protocol 1: To Evaluate If SR Identifies MI Size Reduction Induced by PC
After 24 hours of reperfusion, a first subset of mice (PCϭ9 and controlsϭ9) were euthanized under deep anesthesia, and the heart was excised for determination of the area at risk (AR) and the infarct size (AN). Echocardiography and SR imaging were performed in all mice at baseline and 24 hours after reperfusion, immediately before euthanasia.
Protocol 2: To Evaluate If SR Detects the Long-Term Effect of PC on LV Function and Remodeling
An additional subset of mice (PCϭ11 and controlsϭ12) underwent 3 months of reperfusion. During the 3-month follow-up, echocardiography was serially performed in all mice at baseline, at 3 days, and at 1, 2, and 3 months after reperfusion. Conventional parameters were used to assess LV remodeling (LV dimensions and LV function) and systolic SR was used to quantify regional myocardial function and MI size. 7 
AR and AN Determination
At the end of the 24-hour reperfusion, mice were deeply anesthetized and the coronary artery was briefly reoccluded before intravenous injection of 0.5 mg/kg uniperse blue pigment (Ciba-Geigy) to delineate the in vivo area at risk. 9 Hearts were excised while still beating and immediately placed in cold buffer. Left ventricles were cut into 5 transverse slices (1.5 mm), parallel to the atrioventricular groove after atrial and right ventricular tissues were trimmed off. The basal surface of each slice was photographed for later measurement of the AR. Each slice was then incubated for 10 minutes in a 1% solution of triphenyltetrazolium chloride at 37°C. 9 This method has been shown to reliably identify AN (which appears pale) from viable myocardium (which stains brick red). The slices were weighed and rephotographed. AR and AN extent was quantified by computerized planimetry and corrected for the weight of the tissue slices. Total weights of the AR and AN were then calculated and expressed in grams and as percentages of total LV, or of the AR weight, respectively.
Echocardiography
Echocardiography was performed under light anesthesia (ketamine 80 mg/kg ip). Images were acquired with a 13-MHz linear-array transducer with a digital ultrasound system (Vivid 7, GE Medical Systems). 7, 10 Conventional measurements [LV diameters, anterior wall (AW), and posterior wall (PW) thickness and thickening] were serially obtained from gray-scale M-mode tracings at the level of the papillary muscles at each time point.
LV end-systolic volume (LVESV), LV end-diastolic volume (LVEDV), and LVEF were measured by the Simpson method from 2D parasternal long-and short-axis (basal, mid, and apical level) views, as previously described. 7, 10 SR values were obtained by using tissue Doppler imaging. Tissue Doppler images (TDI) were acquired using parasternal short-axis views at the midventricular level, at a frame rate of 450 frames per second and a depth of 1 cm. 7, 11 The Nyquist limit of the velocity was set around 16 cm/s. TDI analysis was performed offline by an observer blinded to the groups with the use of the EchoPac Software (GE Medical). The region of interest size was set at 0.2 mm. Radial SR length was set at 0.6 mm through the use of a customized modification of the EchoPac Software performed at our specific request. 7, 10 The temporal smoothing filters were turned off for all measurements. To avoid misplacement of the region of interest in the LV cavity, we did not measure SR when diastolic wall thickness was Ͻ0.6 mm. Because slight respiratory variations exist, we averaged peak systolic SR within the PW and AW on 5 consecutive cardiac cycles.
Statistics
Statistical analysis was performed with SPSS software version 17.0 (SPSS Inc, Chicago, IL). Values are expressed as meanϮSEM.
Protocol 1
Differences in echocardiographic measurements within each group between baseline and day 3 were tested using a paired t test. Comparisons between the 2 groups were made both at baseline and 24 hours using an unpaired t test.
Correlations between continuous variable were assessed by Spearman rank correlation coefficient because of small sample size. A probability value Ͻ0.05 was considered as indicative of a statistically significant difference.
Protocol 2
To determine the effect of postconditioning on echocardiographic parameters over time, we used a general linear model for repeated measures in which time was entered as the within-subject factor (5 levels) and group was entered as the in between-subject factor. If the interaction term timeϫgroup was significant, then the differences in echocardiographic measurements within each group over 3 months of follow-up were tested using ANOVA for repeated measurements, and Bonferroni post hoc test correction was used if ANOVA was statistically significant. Correlations between continuous variable were assessed by Spearman rank correlation coefficient because of small sample size.
To identify which of AWSR and AW thickening at 3 days was best associated with LV remodeling parameters at 3 months (LVEF, LVESV, and LVEDV at 3 months), we performed a linear regression model. A forward procedure was performed with a removal cutoff of PϾ0.1.
A probability value Ͻ0.05 was considered for all analysis as indicative of a statistically significant difference.
Results

SR Identifies the Reduction in MI Size Induced by PC Early After Reperfusion
Eighteen mice (9 controls, 9 PC) successfully completed the 24 hours of reperfusion protocol (protocol 1). The area at risk was comparable in PC and control groups (35Ϯ2% and 36Ϯ3% of the LV weight, respectively). Ischemic PC significantly reduced the AN by 47% compared with controls ( Figure 1 ; 24Ϯ3% versus 51Ϯ2% of the AR, PϽ0.001).
At baseline, conventional parameters of echocardiography (LVFS; PC: 56Ϯ2%, controls: 57Ϯ2%) and systolic AWSR values (PC: 24Ϯ1 s Ϫ1 versus controls: 25Ϯ1 s Ϫ1 ) were comparable in PC and control groups.
After 24 hours of reperfusion, LVFS decreased in both groups compared with baseline values and tended to be lower in controls than in PC (controls: 31Ϯ4% versus PC: 42Ϯ2%, Pϭ0.06). Systolic SR significantly decreased in PC and controls within the AW. Interestingly, AWSR was higher in PC mice (14Ϯ1 s Ϫ1 ) than in controls (6Ϯ1 s Ϫ1 , PϽ0.001). In contrast, 24 hours after reperfusion, AW thickening was not significantly different between the 2 groups (PC: 32Ϯ4%, controls: 27Ϯ5%, Pϭ0.4).
SR Detects the Improvement of LV Function and Remodeling Induced by PC
During the 3-month follow-up, 3 mice (2 controls and 1 PC) died. Thus, 20 mice (10 controls and 10 PC mice) completed the 3-month follow-up (protocol 2). The 2D and M-mode measurements and SR curves were interpretable in all animals.
At baseline, LV function and dimensions were comparable among the 2 groups (Table 1) . At day 3 after reperfusion, LV dimensions increased to a similar extent in both groups, whereas LVEF decreased when compared with baseline values (Table 1) , with no difference between the 2 groups. In the meantime, AW thickening significantly decreased, Figure 1 . Example of TTC staining images obtained at mid left ventricular level after 60 minutes of ischemia followed by 24 hours after ischemia-reperfusion. Viable myocardium is colored red, whereas infarcted myocardium appears pale. A, Control mouse heart with a transmural myocardial infarction. B, Postconditioning mouse heart with a subepicardial myocardial infarction. 
PC indicates postconditioned group; HR, heart rate; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; AW, anterior wall; PW, posterior wall; SR, strain rate; AWT, anterior wall thickness; and PWT, posterior wall thickness.
Values are expressed as meanϮSEM. *PϽ0.05 versus baseline; †versus day 3 (Bonferroni).
whereas PW thickening did not significantly change. No significant difference in AW thickening was observed at day 3 between the 2 groups. Anterior wall SR decreased in both groups but remained significantly higher in PC than in controls (10Ϯ3 s Ϫ1 versus 4Ϯ1 s Ϫ1 ; PϽ0.01) ( Table 1 ). During the 3-month follow-up, serial echocardiography showed a progressive increase in LV dimensions in the control group when compared with day 3 values. In contrast, no further LV dilatation occurred in the PC group during the 3-month follow-up (Table 1) . LVEF remained stable from day 3 to month 3 in the 2 groups of mice as well as AWSR and AW thickening (Table 1) .
Finally, at 3 months, LVEF decreased and LV volumes increased in both groups as compared with baseline values (Table 1 and Figure 2 ). However, LV remodeling was significantly reduced in PC compared with controls, as demonstrated by smaller LV dimensions (Table 1, Figure 2 ) and higher LVEF (Table 1) . At month 3, AW thickening tended to be higher in PC than in control mice whereas AWSR remained significantly higher in PC than in control mice (Table 1) .
Systolic SR Correlates With MI Size Early After MI and Is Associated With LV Remodeling
In protocol 1, AWSR measured 24 hours after reperfusion was highly correlated with AN/AR (rϭϪ0.88, PϽ0.001; Figure 3 ) and with AN/LV (rϭϪ0.91, PϽ0.001; Figure 3 ). Of note, AW thickening was neither correlated with AN/AR (rϭϪ0.31, Pϭ0.2) nor with AN/LV (rϭϪ0.39, Pϭ0.1).
In protocol 2, AW thickening and AWSR were significantly correlated at the following time points: day 3 (rϭ0.62, Pϭ0.004), month 1 (rϭ0.82, PϽ0.001), month 2 (rϭ0.61, Pϭ0.004), and month 3 (rϭ0.64, Pϭ0.002) (online-only Data Supplement Figure, slide 1) . Anterior wall SR measured at 3 days was significantly correlated with the parameters of LV remodeling measured at 3 months: LVEF, LVESV, and LVEDV (Table 2 and Figure 4 , Figure  5 ). AW thickening measured at 3 days was also significantly correlated with the parameters of LV remodeling measured at 3 months (Table 2) .
On multivariable analysis, both AWSR and AW thickening at 3 days were significantly associated with LVESV and LVEF measured at 3 months. Only AWSR at 3 days was significantly associated with LVEDV at 3 months (Table 2 ).
Discussion
The novelty of this study is these 2 major findings: (1) SR identifies the reduction in MI size induced by PC early after reperfusion, and (2) SR is associated with the attenuation of LV remodeling induced by PC.
The cardioprotective effect of PC has been confirmed in the present study because PC dramatically reduced the infarct size at 24 hours of reperfusion. This reduction is concordant with previous results in mice, 6, 9 in other animal species such as rabbits and dogs, 4,5 and in humans. 12 Because subsequent LV remodeling after MI is linked to initial MI size, echocar- diography was sequentially performed until 3 months after MI to assess the dynamic of LV remodeling in both groups and to evaluate whether the reduction in MI size induced by PC prevented alteration of LV function. Over the 3-month follow-up period, PC mice had less dilatation and a lower global and regional LV dysfunction when compared with control mice. The beneficial long-term effect of PC on LV remodeling extends a previous report from our group showing that 1 month after acute MI, PC mice displayed an improved LVEF. 13 However, no study has yet demonstrated that systolic SR may predict the beneficial effect of PC.
SR and MI Size
Myocardial infarction size and its transmural extend are major predictors of LV function, geometry, and outcome after MI. Therefore, accurate in vivo assessment of this parameter is an important issue in follow-up experimental and clinical studies. Contrast-enhanced MRI is able to define accurately MI size 3 and is now considered as one of the "gold standard" tests of viability in clinical setting. In addition, this technique appears to be able to detect the beneficial effects of cardioprotective therapy because of its precision and high resolution to quantify areas of MI. 14 However, it is not readily available, is expensive, and lacks also of spatial resolution in the specific setting of experimental studies.
Echocardiography-derived strain indices have been described in the literature to assess MI size in large animals and in humans. In humans, Zhang et al described that regional longitudinal peak systolic SR was able to differentiate transmural from nontransmural MI. More recently, Gjesdal et al 15 reported a correlation between global longitudinal strain assessed by 2D speckle-tracking echocardiography and infarct mass assessed with MRI. In addition, it has been recently reported that longitudinal regional and global strain measured early after MI were of significant prognostic value on LV remodeling 16 and outcome. 17 In our experimental study, we focused on SR measurements and on radial assessment of the deformation which limit a clinical extrapolation of our data.
Previous studies, performed on large animals and humans, demonstrated that SR imaging could accurately differentiate transmural from nontransmural MI and early identify viable myocardium. 18 -20 Recently, systolic SR has been described as an independent predictor of outcomes after MI in patients. 21 In mice, SR measurements are feasible 11 and accurate to quantify regional myocardial function in different pathological conditions. 22 We previously demonstrated that peak systolic SR obtained with TDI technology was closely correlated with the transmural extent of MI 7 and remained stable during a 4-month follow-up after MI. 10 In the present study, we have shown that SR was also significantly correlated with MI size. Therefore, we used peak systolic SR as a surrogate of MI size to evaluate in vivo short-and long-term effects of PC. Indeed, we showed that PC reduced MI size at 24 hours after reperfusion, and, as a consequence, peak systolic AWSR was significantly higher in the PC group than in controls at 24 hours. This finding was confirmed by SR measurements at day 3. Finally, AWSR remained stable in both PC and control groups from 3 days to 3 months of reperfusion, reflecting the persistent reduction of MI size in PC compared with control mice. To our knowledge, no study performed on mice has previously assessed the relationship between deformation parameters and the effect of postconditioning.
SR and LV Remodeling Attenuation
We hypothesized that the beneficial effect of PC on remodeling and on contractile function is a direct consequence of the reduction in MI size and therefore the preservation of a significant contraction in the reperfused territory. Interestingly, we demonstrated that systolic AWSR measured at day 3 was significantly correlated with parameters of LV remodeling measured at month 3 (LVEF, and LVESV, and LVEDV). The importance of myocardial scar size on LV remodeling and function after MI agrees with previous reports from animal models, using postmortem techniques to assess scar size, 23 and more recent studies using MRI. The novelty of the present study is to propose a simple, noninvasive, and repeatable tool able to correlate with MI size and to predict attenuation of LV remodeling by PC. In experimental studies, systolic SR might be used as a surrogate of MI extent to assess the beneficial effect of cardioprotective innovations. Indeed, LV remodeling and myocardial dysfunction are associated with mortality and heart failure and are directly linked to MI size. This justifies the development of new therapeutic strategies. 12, 24 These innovations are often studied in mouse models, which led to the need for dedicated instruments for in vivo analysis. Systolic SR may be used to evaluate the efficiency of new therapeutic strategies, developed in mouse MI models.
AW SR Versus AW Thickening
In protocol 1, systolic AWSR measured 24 hours after reperfusion was closely correlated with MI size, whereas AW thickening was not significantly correlated with MI size.
In protocol 2, there was a significant correlation between AW thickening and AWSR at each time point. In addition, similarly to AWSR, AW thickening measured at day 3 was correlated with LVEDV, LVESV, and LVEF. However, while testing in a multivariable analysis their ability to predict LV remodeling, both AWSR and AW thickening were associated with LVESV at 90 days. However, only AWSR was associated with LVEDV measured at 90 days after adjusting for AW thickening.
In addition, although AWSR differentiated PC from controls both at 24 hours after reperfusion (protocol 1) and later in the follow-up (protocol 2), AW thickening failed to differentiate controls from postconditioned mice (protocol 1 and protocol 2).
These results are in agreement with our previous study reporting that systolic SR was superior to wall thickening in differentiating nontransmural from transmural MI in an acute model of IR in mice. 7 and with previous clinical and experimental studies reporting that strain and SR are less subject to load conditions than conventional measurements. 22, 25 In the setting of MI models, the superiority of SR over wall thickening may also be explained by 2 mechanisms: (1) regional wall thickening has been shown to become abnormal only when MI affects 30% to 50% of myocardium, 26 and (2) wall thickening measurements may be affected by tethering of normally contracting neighboring segments. 10 
Specific Issues of TDI Acquisitions in Mice
Because TDI in mice is a demanding and difficult technology, we paid great attention to the quality of the image recordings, as shown in the example (displayed in the online-only Data Supplement Figure, slide 2, example 1) coming from an animal included in this protocol. A stable and perfect shortaxis view is mandatory to obtain a good reproducibility of peak systolic SR measurements. Indeed, (1) any motion related for instance, to animal motion, and (2) a foreshortened short-axis view will be responsible for unacceptable variations in peak SR values. We have provided such an example (online-only Data Supplement, slide 2, example 2) displaying a foreshortened short-axis loop with translational motion of the heart in addition to the subsequent SR trace. In the same animal, we have also provided an example of an adequate short-axis view without any translational motion of the heart showing an SR curve that is suitable for measurements (online-only Data Supplement Figure, slide 2, example 1) .
We also emphasize the other criteria that we applied to acquisition and analysis of images:
(1) First, as shown on these figures, we were careful to scan the animals with a narrow window to obtain a high frame rate, an important condition to get adequate SR values.
(2) Second, as previously mentioned, we were able to decrease the SR length to 0.6 mm, because the ECHOPAC software was customized by GE on our specific request.
(3) Third, we removed any temporal filter smoothing during analysis.
Because slight respiratory variations exist, we averaged peak systolic SR on 5 consecutive cardiac cycles.
TDI Versus Speckle-Tracking Imaging in Murine Models
Our study aimed to analyze regional myocardial contractility, and we have chosen SR as a parameter that has been previously shown to be less influenced by loading conditions and better correlated with hemodynamic parameters of contractility such as elastance and dP/dt. 22, 25 Therefore, we used TDI, which allows accurate measurement of peak systolic SR in murine models with a high frame rate (450/s). We did not use the speckle-tracking technique in our study because this technique using 2D-gray-scale images is limited by a lower frame rate compared with Doppler SR imaging, 27 hampering its use in mice models to measure SR, particularly if the aim is to identify subtle improvements in regional function. Feasibility of speckle tracking to measure strain in rats and mice 28, 29 has been described. However, these studies focused on systolic strain and not on SR, a parameter that requires a higher frame rate. In addition, Popovic et al 30 underscored the fact that strain values in remote segments were also altered after MI, therefore suggesting the influence of loading conditions and LV remodeling on strain measurements.
In addition, we focused on radial function and we did not intend to assess longitudinal deformation indices, because (1) apical views of the heart are not easily reproducible in mice, 31 and (2) in addition, longitudinal function in mice is not the main determinant of global ventricular function. 32 Indeed, Popovic et al previously reported the low contribution of LV long-axis function and increased impact of short-axis displacement on total ventricular output in small mammals such as rats and mice.
Limitations
Mice models of MI may not exactly reflect human pathological conditions because nontransmural MI developed in mice is often subepicardial.
In the acute protocol, accurate assessment of myocardial blood flow was not performed with radiolabeled microspheres.
Conclusion
In a murine model of 60-minute ischemia followed by reperfusion, SR accurately assessed the reduction in MI size induced by PC early after reperfusion and predicted the subsequent reduction of LV remodeling.
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